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SUMMARY 



Values of the circulation function have been obtained 
for dual-rotating propellers. Numerical values are given 
for four-^ eight-^ and twelve-blade dual-rotating pro- 
pellers and for advance ratios from 2 to about 6. In 
addition^ the Glrculation function has been determined 
for single-rotating propellers for the higher values of 
the advance ratio. The raass coefficient., another quantity 
of significance In propeller theory^ has been introducod, 
Thils rnass ooefficlent, which is actually the mean value 
of the circulation coefficient, expresses the effective 
area of the colum of the medium acted upon by the pro- 
pellar in ter^s of the propeller-disk area. Values of 
the mass coefficient, which have been determined directly 
by special measurements and also by integration of the 
circulation function^ are given for the four-^ eight- ^ 
and twelve-blade dual-rotating propellers. The mass 
ooefficlent has also been determined for several cases 
of single-rotating propellers, partly for the purpose of 
comparing such experim.ent al values with theoretical results 
in the known range of low advance ratios and partly to 
extend t?ae results to include a range of high advance 
ratios. The effect of stationary countervanes on the 
mass coefficient has also been determined for several 
cases of practical interest. 



INTRODUCTION 
Circulation Function K(x) 



In 1929 Goldstein (reference 1) succeeded In solving 
the problem' of the ideal lift distribution of single- 
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•»^otf.t.lng propellers. Goldstein's work is restricted to 
■ iC oase of a light loading and also. In effeot, to a 
small advance ratio* Kumerioal values given by Goldstein 
for the o-p'tixpxm circulation distribution are reproduced 
3n table I and figure 1. Sortie additional values calcu- 
lated by Frai^^er (reference 2) for higher advance ratios 
are given In table I and have been superimposed on the 
Goldstein results in figure la Numerical results by 
Lock and Yeatman (reference 3) for the four-blade pro- 
peller are reproduced in table II and figure 2. The 
parameter A used in tables I and IT is the tangent of 
the; tip vortex angle in the ultimate wake 

X - 1 

vf nD 

where w is the rearward displaceTiient velocity of the 
helical vortey sxirface at infinity. (A list o.f the 
s-j/TTibols used throi^ghout the paper is given in appendi:?c A, ) 
These data have been used for comparison ?ath results con- 
tained in the present paper. 

It sho:ald be emphasized that a distinction has been 
made between dimensions and conditions of the slips treain 
at the propeller and those in the ultimate wake 5 a dis- 
tinction that does not occur in the treati^ent of lightly 
loaded propellers o The present naper Is cozicerned exclu*- 
sively v/ith conditions in the ultliiiate wake ; In f act ^ it 
can be shown that thrust, torque j> and efficiency are all 
xmiquely given as functions of the ultimate wake only, 
no knowledge of the propeller being necessary except for 
ourposes of actual design. It should be pointed out that 
both the diameter and the advance angle of the ultimate 
helix are different frorj the values at the propeller, the 
diameter being smaller and the advance ratio larger. It 
can be shown that the distribution function depends on 
the advance angle only. The ideal distribution function 
is therefore identical for light and heavy loadings pro- 
vided both refer to identical helix angles In the^ ultimate 
waVe 0 

In figures 1 and 2 the quantity T<:fx) is a character-^ 
Istlc function related to the circulation V(x) along 
the blade as follo'y^^s: 
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pro) 



2Tr(V w)w 



where T is the potential difference across the helix 
surface at a radius p is the numher of blades, 

and 0) is the angular velocity of the propeller. Ihe 
quantity 

w + ^ 



CD 

P2¥ 



Is the potential drop for a velocity w through a 



H _ V + w 

which is the axial distance between two successive vortex 
sheets. Each sheet has turns corresponding to a 

time of 1 second and there are p separate sheets cor- 
responding to p blades. The quantity F(x) is thus 
the nondlmensional expression for the potential drop 
across tlte surface of discontinuity as a fraction of the 
available drop in the direction of the helix axis. 

It should be noted that the coefficient KCx) 
differs from, the Goldstein coefficient 

pro) 



SttVw 



in which the velOG3.ty w has been disregarded In com- 
parison with the advance velocity V, The coefficients 
are identical if referred to the same helix angle of the 
ultimate wake. 
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Mass Goefficlent ^ 



A significant Goefflclent, which mill be termed the 
mass coefficient k and ^Ich may be shown to be one of 
t;o.e basic parameters in the propeller theory> Is now 
Introduced, It Is given here merely by definition 



where z is the, radius and the integral Is taken from 
X = 0 to X = 1. By inspection It is noted that k; is 
really the iTiean value of the coefficient K(x) over the 
disk area. If K{x) S 1, then 1, which is the 

limiting value of 

A physical interpretation of ^ is interesting. It 
is possible- to show that K represents the effective 
cross section of the columia of the medium '^pushed*^ b7/ the 
propeller divided by the projected propeller-wake area. 
Tn other words, the propeller imparts the full interfer- 
ence velocity w to a column of air of cross section 
K per unit area of the ultimate propeller wake. The 
diameter of such a columji is therefore yHT for a pro- 
peller wake of unit diameter. Although m.athematlcal 
refinements will not be considered in the present paper, 
this physical Interpretation should suffice to indicate 
the nature of the coefficient and the designation adopted.* 
It will be shoTO herein that the coefficient k is 
readily obtained by direct measurements, to be described 
later. 

Figure 5 shows curves for various values of the mass 
coefficient ^ for the cases for which K(x) is known - 
that is, for the single -rotating two-^ and four-blade 
propellers from tables I and TI - as well as for the 
limiting case of an infinite number of blades. This 
latter case is readily obtained by integration:. With 
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is obtained or, after integration. 




The curve for this equation is shown as the upper limit 
line in figure 5. Values for three- and six-blade pro- 
pellers, which were caloulated from data by Lock and 
Yeatman (reference 5), are also shown in figure 3, The 
curves in figure 3 are used later for comparison with 
data obtained In the present investigation. 



ELECTRICAL METHOD AND EQUIPMENT PGR 
MEASIJRING K(x) AND K 
Description 



It is rail known that the flow of electric currents 
in a field of uniform resistance is mathematically 
identical with the flow of a perfect fluid. The velocity 
potential may be perfectly reproduced by an electrical 
potential, provided the boundary conditions are identical. 

For the present problem, a direct measurement of the 
aerod3nnamic field behind a propeller presents insurmount- 
able dif f ic\xlties ; in contradistinction, the electrical 
method of measurement is convenient and accurate and, in 
addition, permdts the determination of local as ?7ell as 
integrated effects* The arrangement may, in fact, be 
considered a special calculating machine for sol\^lng the 
differential equation for given boundary conditions 
rather than a means for obtaining experimental solutions. 

Since the ideal flow (far behind the propeller) is 
identical \!\ri th the flow around a rigid helix moving at 
a constant velocity in the direction of its axis, the 
corresponding electric field is obtained very simply by 
inserting an insulating helix surface In a conducting 
liquid and applying a uniform field in the- direction of 
the helix axis. The vessel confining the liquid is a 
long cylindrical shell, also of insulating material. The 
vessel is closed at both ends by copper end plates that 
are used as electrodes to apply the potential. The test- 
specim.en helix is placed ooaxially with the shello The 
confining shell is considerably larger in diameter than 
the test helix. 
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Figure ii. is a photograph of the test setup for the 
direot determination of the mass coefficient The 
cylinder on the right constitutes a duinmy compensating 
resistance. The electrolyte used In these experiments 
consisted of tap water from the local water-supply 
system. The source of current was a 1000-cycle 
alternating-current generator producing a rather pure 
wave form at an available voltage of about 100 volts> 
which was applied to the electrodes. An. exploring davlce 
consisting of a fine glass -Insulated platinum wire idth 
an exposed tip was used to determine the voltage at any 
point on the helix surface. This pickup device formed 
a part of a potentiometer circuit used In a ytoeatstonp 
bridge arrangement with a sensitive telephone as a zero 
Indicator, V3ien voltage readings were taken^ no current 
passed through the telephone and the exploration wire. 
This type of measurement is inherently accurate; the 
error in the electrical measurements is eBtlmated as 
not more than one part, in 10,0C0. 

Figure 5^ also a photography shows the equipment 
used In the manufacture of the helix surface 3 „ The 
vertical Insulated cylinder is an electrically heated 
oil tank. To the top center of this tank Is attached a 
simple die or guiding device v\dth a spiral slit through 
which the heated plastic sheet material is pulled at a 
uniform rate. A fan Is used to supply cooling air at a 
uniform, rate. With certain precautions an alm^ost 
perfect helix is produced. Two mod.els of single helix 
surfaces thus obtained are shoTO at the left and center 
in figure 6. A preliminary type of built-up model of 
laminated construction, which was abandoned as tod 
inaccurate and expensive to build, is shown on the 
right in figure 6. 

In figure 7(^) ^-^^ shown examples of dual helix 
surfaces used for the m.ain investigation, A four-blade 
dual-wake model is shovni on the left and a six-blade 
dual-wake model is shovnn in the center. On the right i.s 
a four-blade single-rotation helix surface with four- 
blade "guide vanes." In figure 7(b) other examples 
of high-order multiple dual-rotation wake models. Some 
additional exam^ples of single-rotetion ?/ake rnxodels mth 
guide vanes are shown in figure 8. The method of buildin 
the dual helix models is indicated In figure 9« Unit 
surfaces were cut from* right- and left-handed helix 
surfaces and glued together to form a miultlple dual helix 
Port*anately these complex built-up dual models were neede 
only for determilning the m.ass coefficient K and did not 
hav^e to be too accurate in detail. 
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For the dual~ro tating-propeller field a significant 
property is to be noted: The field repeats itself not 
only along the axis but also circumf erentlally. A "unit 
cell'^* consisting of the helix surface between two succes- 
eiv^e lines of intersection is representative of the entire 
beXlx, It may be seen that the bound^ary condition is 
t-^;ken care of by inserting two insulating planes containln(_ 
the axis and the two intersecting lines / respectively , 
and by using conducting end planes perpendicular to the 
axis which contain the same two intersecting lines. The 
vessel iray therefore be given the form of an open V-^shape 
tray with the electrodes at each end. The representative 
helix may be obtained simply by stretching a rubber mem- 
brane from one corner of the tray to the opposite corner 
at the other end. The membrane is equipped with stiff 
radial spokes and is securely clamped in place. It auto- 
m-atlcally assumes a spiral shape, the effects of gravity 
being of secondary order. The entire tray is arranged 
on a machine lathe with the helix axis along the center 
line and the e:j^ploring needle Is attached to the carriage. 
This arrangement affords convenient reading of the voltage 
at any point on the spiral surface. In order to Increase 
accuracy^ the trays were made of considerable slze^, 6 to 
10 feet long. By changing, the length and the angle of 
the tray, all values of \ and the effect of the number 
of blades could be investigated. 

In figures 10 and 11 are shown experimental setups 
for measuring the potential distribution K(x). The con- 
nections leading to the exploring needle may be seen in 
figure 11... 

Figures 12, IJ, and lii show the general arrangement 
for determination of the potential distribution on dual 
wake miodels. Figure 12 shows a unit cell for very low 
advance ratio. Note the V-shape test tank and the adjust- 
able end plate to change the advance ratio. Note, also^ 
the rubber mem.brane stretched between opposite corners. 
Figure Ij shows the arrangement for supporting the explorl 
needle. In figure iL. is finally shoim the complete experl 
mental setup for dual helix surfaces of very high pitch. 



Wall, End, and Thickness Corrections 

The similarity between the electrical test m.ethod 
and the conventional wind-tunnel method m.ay be extended 
also . to include certain corrections. Obviously there is 
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a correction that corresponds to the custoTnary wall cor- 
rection. This' correetion is readily ascertained by use 
of vessels of different diameters, a procedure that can- 
not be easily utilized in ?dnd-tunnel practice. It 
shoiild'be noted further that the wall corrections are 
obtained with great accuracy since each reading by the 
electrical method is more precise than its aerodynamic 
counterpart. By using tube diameters about three times 
the diameter of the test spiral the error in the results 

was reduced to less than i- percent. 

A correction not appearing in aerodynamic practice 
is the end correction. This correction oocurs only with 
single-rotatlng propellers and is therefore of minor 
importance in the present investigation. Dual-rotating 
propellers possess planes of constant potential perpen- 
dicular to their axes, and the ends therefore cause no 
difficulties. By cutting the dual helix at a plane of 
constant potential and by inserting a conducting end 
plate in the cylinder the boundary condition is satisfied. 
For single helix surfaces, tests on two lengths of the 
same heiix must be used and the difference observed. This 
procedure was used to measure the mass coefficient 
"To measure the potential distribution Y{x) a long helix 
Is required, the measixrem.ents to be made near the middle. 

Another source of error exists for which the cor- 
rection has been referred to as the thickness oorrectiono 
This error results from the fact that the material of the 
helix sheet must have a finite thickness.. This error may 
be determined by using sheets of two or more thicknesses. 
It is readily seen from theoretical considerations that 
ar)proxim.ately one -half the thickness of the sheet m:Ust 
be added to the diameter in order to obtain an equivalent 
infinitely thin sheet. 

it should be mentioned finally that there is an 
error resulting from inaccuracies In the model vortex 
sheets 0 The error In K(x) can be mlnimiized by using 
mean values from a large number" of readings over a con- 
siderable portion of the helix. Fortunately^ there is 
no effect on the trass coefficient K since this coef- 
ficient is a mean-value parameter. 



CONPIDEKTIAL 



I^:.OA ACR FOo LkH05 CONPIDEITIAL 



9 



■p^pof iJhat the Mass Coefficient k: is the 
BlocVing Effect of the (Infinitely Long) 
Helix Surface 

The mass coefficient k Is obtained experiinentally 
by Treasuring the change in resistance caused by the helix 
surface when inserted in the cylindrical container. On 
Inserting the (infinitely long) heliz in the container the 
current between the end plates Iq is dv.e creased by a 
definite aitiount AI^ and It can be proved that 



5^" 



AI 
lo 



or 



AT S 

I " F 
•^o 



?rliere P is the projected cross section of the helix md. 
S is the cross section of the cylindrical containero 

By Green's theorem 



JVW - WVU) da = 



U) dT 



If 



it follows that 



V^u 5: v^W - 0 



(TJVW - FVU) da = 0 



Let W be the distance z along the helix axis 
meagij.red from a reference plane perpendicular to the 
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axis; W Is therefore a unit vector in the direction z. 
Let [J be the potential resulting from the applied volt- 
age and the local gradient VTJ may be wi-itten 

where is the constant voltage difference between the 

end. plates^ Y^hich are placed at an axial distance L 
apart, and 1 is the local current and i^ the current 
at infinity. If the surface integrals for the entire 
enclosed helix surface A and the end surfaces 
respectively, are taken, the following relation is obtained 



dS 



or 




where the integrals are to be taken over both sides of 
the p helix surfaces and over both end plates- 
Hov/ever y 



A 

rnay be i^rritten In the forrp 



1/vhere the integral is taken over one turn of one helix 
for one side only, as - "0*2 is the difference 
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potential between the two sides of tlie sheet. The volt' 
age drop per sheet is 



I- p 



By definition 



Thus 



L p 



r- / u dAg- = / K(x) dp = 2P f K(x) xdx = kF 
^A i ^0 



Also., 



^O 



and therefore 



S lo 

?/here Tq is the total current between the end plates 

with, a uniform gradient — ^ in the field, 

L 

EXPEPTME'NTAL DATA 
Mass Coefficient k 



Iteierlcal values for the mass coefficient 
obtained on dual-rotation wake inodels, are shown In 

CONFIDENTIAL 
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ffjve 15 o This chart Is probably adequate for all 
xraotlcal purposes , as a large range of advance ratio 
has been covered. The designation used for the propellers 
comprises three digits: The first digit refers to the 
naiTber of right-handed blades, the middle digit to the 
raniber of guide vanes, and the last digit to the 
ruon^Ler of left-handed blades - for instance j 5""0-5 repre- 
sents a dual-rotating propeller with three right-handed 
and tlaree left-handed blades • The highest n-umber of 
blades tested was for a 6-0-6 or twelve-blade propeller. 

As a matter of Interest, it is very fortunate that 
the method and equipment could be tried out in all its 
raiT:if icatlons on the known case of the Goldstein curve 
for a two-blade propeller. The Goldstein curve is the 
curve in figure I5 marked "Theoretical." The test 
points, which have been corrected for wall, thickness, 
and end effects, are shown. Except in a very few cases, 
the test points lie on -the theoretical curve for the tv;o- 
blade propellers. The sortiewhat lesser consistency In 
the cases of dual-rotating propellers is not due to in^ 
he rent test Inaccuracy but rather to a necessary limita- 
tion on time and equipment for making the models, per- 
forming the tests, and obtaining the corrections. The 
thickness correotlon for the high advance ratios is con- 
siderable. Note that three thicknesses have been used 
for many of the test points. A glance at one of the 
com.posite models shown in figure 7(b) will suffice to 
indicate the labor involved in producing the models. 
Each test point in figure 15 represents a different com- 
rlete model; some fifty m.odels thus are represented by 
the results shorn. This number was necessary in order 
to Include all propellers .and all advance ratios of 
interest at present and in the future. 

Results for single-rotation wake models with guide 
vanes are rjhcwn in figure 16 for t?v^o-^ three-, and four- 
blade propellers, respectively. Such guide vanes are 
supposed to represent stationary vanes arranged immediately 
in front of or behind the propeller to straighten the flow, 
It should be noted that the cases shoTO correspond to those 
of an ideal thrust distribution both on the propeller and 
on the guide vanes. The uppermost curve in each part of 
figure 16 is reproduced for purposes of comparison with 
the corresponding dual case. 
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Distribution Function K(x^9) 

The iri.easured potential distributions- on dual wake 
models are shown In figure 17. These tests were made on 
lo.rge-scale unit cells of the type described earlier. 
Figure 17 contains results on 2^6-2^ i|-0-a, and 6-0-6 dual- 
rotating propellei'S j> In each case for three advance ratios. 
The potential drop Is given in no ndimensional form and 
Is plotted against the radius. Each curve represents a 
radial line on the helix. The angular position of the 
radial line is given as a fraction of the cell s3ml angle 
measured from the middle or symmetry line of the cell^ 

Figure 18 shows K(x). as the potential difference 
at the zero angle or midway betv\reen two successive inter- 
secting lines. The results are arranged in order shov.lng 
the four-^ eight-, and twelve-blade dual-rotating pro- 
pellers at three advance ratios. 

The f unc t i on K { 9 ) 1 s sho wn i n f 1 gur e 19 plotted 
against the angle measured from the same zero reference 
angle. Results are shown for the sarne three propellers 
at the same three advance ratios. Curves are shown for 

1 1 ^ 

three values of the radial distance x f-^ — ^ ^^id f-. 

i+ 2 k 



DISCUSSION 



Th.e concept of a mass coefficient ^ defined as 

K B 2 I K(x} X dx 



has been Introduced, where iC(x) is a nondlmenslonal 
distribution function and x is the nondimensional 
radius. Numerical values of k for the known cases of 
single-rotating propellers are shown in figure 5« 1^' 
Is noted that the ^ass coefficient drops rapidly with the 

advance ratio. For ^ ^ - 2, the value of k Is less 

nD 

than 0.5 ^ven for an Infinite member of blades and is 
less than C.2 for the two-blade single-rotating propeller. 
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For dual -rotating propellers the mass coefficient 

defined, as 



is considerably larger* A 2-0-2 propeller has. In faot^ 



rotating propeller with an infinite nuimber of blades. 
The 6-0-6 propeller at the same advance ratio has a mass 
coefficient k = O.79 or near "unity. (See fig. I5.) 

The effect of guide vanes is of considerable 
practical interest. These vanes are stationary and are 
arranged either Immediately in front of or behind the 
propeller. The question is whether such a stationary 
system in some cases may be more acceptable than a dual 
arrangement of counterrotating propellers. As an example, 
consider a three-blade single-rotating propeller at .an 
advance ratio of (See fig. 16(b).) The mass coeffi- 

cient K of the propeller alone is seen to be 0.llj,2; 
the 3-2-0 propeller with two guide vanes shows a value 
of K of 0.258, and the 3-lf-O propeller with four guide 
vanes shows a value of k of 0. 280. For comparison, 
the three-blade dual-rotating propeller shows a value 
of K of 0.i|.86 at the same advance ratio. If a dual- 
rotating propeller is not used, the double guide vane is 
undoubtedly/ desirable in some cases. Actually, the 
induced loss is reduced to about half as compared with 
the loss in the case without vanes. " The difference in 
the effect of two or four vanes is relatively small, 

Langley Memorial Aeronautical Laboratory 

National Advisory Committee for Aeronautics 
Langley Field, Va. 




a larger mass coefficient at 



V -f w 
nD 



== 2 than the s ingle - 
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APPEMDIX A 
SyMBOLS' 

V advance valocity of propeller 

w rearward dlsplacemenfc velocity of helical vortez 

surface (at infinity) 

n rotational speed of propeller, revolutions per 

second 

U) angular velocity of propeller (Strn) 

D diameter of propeller 

-f -^fv 

advance ratio of wake helix 



nD 

. 1 V + w 

A. = ~- • ■ • ^ 

TT .nB 

H pitch of wake helix: 



r circulation at radius r * \ 

/ proo \ 

K(x) circulation function for single rotation^ f— ' ■ • ] 

XairCV 4- w)w/ 

K(x,9 ) circulation function for dual rotation 

p number of hlades of propeller or separate helix 

surfaces 

K mass coefficient / 2 / K{x )x dx 



or 



1 2it \ 
i J J K(x,e.)x dx d9y 



X ratio of radius of e lenient to tip radius of 

vortex sheet (r/R) 

V radius of element of vortex sheet 

B tip radius of x^ortex sheet 



ft") 
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8 angulap coordinate on irortex sheet 

P projected area of helix {irR^) 

S area of end plates of cjllndrloal test tank 

Iq current through test tank with helix removed 

AI reduction in current due to presence of helix 
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TABLE i 

OFTIOTM GIRCirLATTON DISTRIPJTIOK FOR THE 



TWO-BLADE PROPELLER 









Csloulated by Goldstein (refersnce 1, p 


. U50 ) 










_ 

" 10 




X. 


. 1 
- 7 


X 


\ 


_ 1 

5 


-A 




. 1 

■IT 




V - 1 

3 


X 


X - J 


0,020 
*0li0 
.060 
.080 
,100 
.120 
.lliO 
.160 
.180 
,200 

• 280 

• 300 
.350 

• 380 

4oo 

• 1^80 
.500 
,600 
.650 

• 660 
.700 
.800 
..900 
.950 
.980 


0.126 
.21^5 

:m 

.526 
.593 
.650 
.698 
.738 

■Ml 


0.029 

.086 
.iii^ 

.li;5 
.171 
.200 

-22Q 

■ill 

.357 


0.126 
.21^5 

.523 
.590 

.69U 

,732 
.766 

.626 


G^OkO 
.080 
.120 
.160 
.200 
.2k0 
.280 
. 320 
.360 

• koo 

• 500 


0,1214. 
.2I4.O 

:a 

.511 
.575 
.626 
.669 
.704 
.731 
.770 


0.050 

,100 

.150 
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Calculated by Kramer (reference 


2, p. 23) 
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T ABLE ir 

OFTIMUM CIECTir.ATION DISTRIBUTION FOR TliE 
POUR-BLADE PROPELLER 



Calculated, by Lock and Yeatman (reference 3) 
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Plgure 1«- Tbisr funotjlon £(x} for several values of X, for t«o*l>lade ppopellers. 
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Figure 5.- Equipment for constructing celluloid helix surfaces* 
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Fig. 6 




Figure 6,- -Celluloid single helix surfaces. (On right, 
preliminary laminated construction. ) 
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Fig* 7a 




(a) Left and center - for four and six blades, dual 
rotation. Right - for four blades, single 
rotation, with four-blade guide vanes > 

Figure 7.- Dual helix surfaces. 
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Fig. 7b 




If b ) Hig*h-order multiple blades, dual 
rotation. 



Figure Coneluded. 
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Figure 8,- Two-blade single-rotation helix surfaces with 

guide vanes. 
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Fig. 9 
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Figure 10.- Setup for measuring the potential distribution K{x) 

for single-rotation wake models . 
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Figure 12,- Unit cell for very low advance ratio. 




Figure 13 - Unit cell for very low advance ratio, showing 
arrangement of exploring device. 
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Fig. 16a 




U} SlxigXe-rotatiiig tvo-blade propellars* 
Figure 16.- Measured vaxues or mass Goefficient k against ^ 

showing the effect of guide vanes. 
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Fig. 16c 
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(e) Single*rotating four^bl&d# propellers* 
Figure X6.^ Conolttded* 
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Fig. 17a 
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Fig. 17b 
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NACA ACR No. L4H03 Fig' 1"''^ 
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Fig. 17d 
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Fig. 17 f 
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fig, 17 g 
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Fig. 17i 




NACA ACR No. L4H0S , , , Pig. 18b 



NACA ACR No. L4H03 ' Pig. 18c 




NACA ACR No. L4H03 Fig. 19a 




NACA ACE No. L4H03 



Fig. 19b 
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Pig. 19c 




